A major issue regarding pre-industrial accumulation of heavy metals such as Cu, Pb, Zn, or Hg in ice cores relates to the source(s) of the metals. We investigate the two possibilities that have been generally advocated for the origin of metal anomalies: (1) increased amounts of windborne dust during particularly cold periods; and (2) volcanic activity. We analyze the time span 35,000-14,000 yrs BP, which is characterized by extreme temperature deviations ( T: -2.1º to -9.8ºC). Our findings show no definitive relationships between climate, dust, and metal contents, at least during the colder episodes. Thus, although dust deposition undoubtedly adds metals to the ice, it not clear whether climate can fully account for a direct relationship between these variables. In order to study the volcanic hypothesis, we analyze the case under a double perspective: (1) large explosive episodes related to acid magmatism; and (2) quieter mafic volcanic activity. Although the first one can introduce huge volumes of metal-rich aerosols to the stratosphere during single, catastrophic events, the latter is more continuous, accumulative, and far richer in sulfur. However, inasmuch as metals build volatile species with sulfur and halides, the chloride-rich character of the acid volcanism could easily compensate for its deficiency in sulfur. Thus, we suggest that the volcanic activity, via quiescent degassing and eruptive episodes, may account for an important part of the heavy metal contents present in the ice cores.
Introduction
ICE CORES ARE well known for being one of the best archives for information of the past climatic and environmental changes (e.g., Nordic Arctic Research Programme, 2004) . However, the origin of pre-industrial metal concentrations measured in either Antarctic or Greenland ice cores is a matter of controversy. The two main proposals for metal enrichment call for either: (1) increased amounts of windborne dust during particularly cold periods (e.g., Batifol et al., 1989; Hong et al., 1996 , among others); or (2) volcanic activity (e.g., Matsumoto and Hinkley, 2001; Pyle and Mather, 2003; among others) . Although these possibilities are not mutually exclusive, their relative importance remains as an open question. Moreover, if we analyze the volcanic option, we face again multiple possibilities. For example, there are good reasons to believe that large explosive eruptions have played an important role in altering the environment at a global scale via largescale introduction of aerosols to the atmosphere 1 Corresponding author; email: oyarzun@geo.ucm.es (e.g., Rampino and Self, 1992) . However, megaeruptions are relatively rare events, and a remarkable case such as the Toba episode (Indonesia) has not been repeated in more than 74,000 yrs (e.g., Machida, 2002) . To test the different options, we chose the time span 35,000-14,000 yrs BP, which covers drastic drops and elevations of temperature, and has adequate information regarding age, dust, and sulfur contents. The main data were obtained from the Vostok (Antarctic) and GISP2 (Greenland) ice cores (e.g., Petit et al., 1999; Zielinski and Mershon, 1997) .
The Climate-Dust-Metal Connection:
An Analysis
The idea of colder conditions leading to aridity, and from there to increased dust fluxes, is appealing in many ways. Zhang et al. (2002) indicated that the shift from interglacial to glacial conditions brings a cold, dry climate coupled with strong winds, which combine to generate large quantities of dust that are subjected to large and long-range transport. These conditions involving lower precipitation lead to a decrease in dust washout, which remains suspended in the atmosphere for longer periods of time. In turn, the relationships between cold conditions, reduced precipitation, and increased amounts of soil dust in the atmosphere may be key to understanding another phenomenon not yet well explained-the highly variable concentrations of metals found in ice cores from the Antarctic and Greenland (e.g., Batifol et al., 1989; Vandal et al., 1993; Hong et al., 1996; Matsumoto and Hinkley, 2001 ; among others). We suggest that a key period to study this issue spans approximately 35,000 to 14,000 yrs BP, when metals such as Pb, Cu, Zn, or Hg increased their concentrations by larger factors, thus generating remarkable positive geochemical anomalies in the ice from both the Antarctic and Artic.
We will analyze the case under a detailed perspective, in order to see whether key variables such temperature deviations, and dust and metal contents, correlate or not. The time span 35,000-14,000 yrs BP is characterized by an initial drop in temperature, which was followed by important oscillations until ~17,000 yrs BP, when a remarkable increase in temperature began (Fig. 1A) . At first glance, the dust settled on ice follows a reverse general pattern; however, more detailed analysis indicates that dust contents are extremely variable during the same time span (Fig. 1B) . Although the metal data record is not as complete as those of temperature and dust contents, we may nevertheless envisage some key features regarding metal accumulation. Metal contents from the Dome C ice core (Antarctica; Vandal et al., 1993) during the studied period apparently display a more constant behavior, particularly during the time span 27,000-17,000 yrs BP (Fig. 1C) . Mercury shows an increase from 0.59 pg g -1 at ~32,000 yrs BP to 2.14 pg g -1 at 27,600 yrs BP. From here onward, Hg values show a slow general decrease to 1.81 pg g -1 at ~17,000 yrs BP, thus defining a plateau-type stage in which no significant variations occur. A similar behavior is observed for Cu, Pb, and Zn from the GRIP ice core (Greenland; Hong et al., 1996) , with a peak at 26,000 yrs BP followed by a rather plateau-like interval with minor oscillations until 15,000 yrs BP, when metal contents drastically dropped (Fig. 1D) .
From these data arise a few major problems concerning the approach linking cold climate to dry conditions. The latter should lead to soil dispersal and therefore, to increased metal accumulation as the dust settles on ice. If this assumption were correct, then we should expect a strong inverse correlation between global temperature and dust. However, as clear from the data sets, this is not the case (Figs. 1A and 1B) . One may argue that discrepancies between data sets may be due to imperfectly resolved timescales (e.g., Zhang et al., 2002) . However, if we deal with a single data set, such as the one from the Vostok ice core, then variables such as temperature deviations and dust should match each other: the colder the climate, the higher the dust content. However, the plot of dust versus temperature shows no correlation (Fig. 2) , unless the case is analyzed as a nonlinear, exponential relationship, which would introduce further complexities. Whatever the case, we must bear in mind that 80% of the data population concentrates in a very narrow range of low temperatures (A), and displays extreme variations in dust contents (0.2-1.8 ng g -1 ); consequently, no direct correlation between this variable and temperature can be established, at least for the colder temperatures (Fig. 2) . More contradictory evidence derives from metal contents in high-altitude ice from Bolivia (Ferrari et al., 2001 ). Contrary to the idea of increased metal contents during cold periods, the data from the Sajama glacier show a reverse trend, involving a remarkable metal decrease during low-temperature events (Table 1) .
A final argument derives from the intrinsic chemical character of dust. Dust is a weathering FIG. 1. Plots of temperature deviations ( TºC) from present (A), dust (B), and metal contents (C, D) during the time span 35,000-14,000 yrs BP. Data for temperature and dust are from the Vostok ice core (Antarctica; Petit et al., 1999) ; data for metals in C are from the Dome C ice core (Antarctica; Vandal et al., 1993) ; and data for metals in D are from the GRIP ice core (Greenland; Hong et al., 1996) . product, and as such is strongly influenced by the chemistry of the parental material. Loess, a typical fine-grained erosion product, reflects in many ways the average composition of the Earth's crust, and in this way, a "granodioritic" (acid) composition (Taylor and McLennan, 1985) . If we compare the Cu/Pb ratios from two contrasted data populations from the GRIP ice core (Hong et al., 1996) , i.e., CuPb-rich and Cu-Pb-deficient, a remarkable relationship appears: the Cu/Pb ratio of the former is strikingly similar to those of the Earth's crust and loess, whereas that of the latter is very much higher (Table 2) .
Because the Al contents provide a proxy for dust fluxes (e.g., Batifol et al., 1989; Hong et al., 1996) , the plot of Al/heavy metal versus heavy metal should give us an estimation of the actual contribution of dust to these metal contents. We observe two clearly differentiated populations (Figs. 3A and 3B), one independent of the Al/heavy metal ratio (metal-rich: population 1), and a second one in which the ratios show a large variation (metal-deficient: population 2). Although population 1 could in principle be explained in terms of global dust fluxes (direct Al-metal relationship; Cu/Pb ratios similar to those of the loess), the second one (population 2) needs a more detailed analysis. Because the variation in Cu and Pb is not large (Figs. 3A and 3B) we may conclude that what strongly fluctuates is Al, and therefore, the dust contents. In other Petit et al. (1999) . 4 One of the three coldest episodes of the Little Ice Age (LIA) (Hong et al., 2000) . Source: Ferrari et al. (2001) .
words, metal and dust contents are independent variables. Does this mean that the high Cu-Pb values (population 1) (Figs. 3A and 3B) are to be regarded as solely derived from global dust fluxes? Hardly, and in this respect we must consider the following: (1) as shown above, dust fluxes alone cannot fully account for metal deposition (Figs. 1B-1D); (2) the felsic volcanism approaches granodioritic chemical composition, i.e., compared to mafic magmatism it has higher Pb and lower Cu contents, and therefore its Cu/Pb ratios could be easily mistaken for those of dust fluxes (Table 2) ; and last but not least (3) Pb correlates poorly with dust contents (Fig. 3C) , which brings reasonable doubts as to the importance of dust fluxes. Seasalt spray, a non-volcanic alternative to soil-dust fluxes, can be ruled out, as shown by the metal contents of the high-altitude (6,542 m) Bolivian ice core (Table 1) (Ferrari et al., 2001) . Moreover, the data from Dome C (Antarctica) indicate no significant variations in seasalt spray during the 14,000-45,000 yrs BP period (Röthlisberger et al., 2002 ), a time span in which metal contents, conversely, display important highs and lows (Figs. 1C  and 1D ). Thus, if dust fluxes or seasalt spray alone cannot fully account for metal contents in ice, we are left with only one major option: volcanic activity.
Volcanic Eruptions and Quiescent Degassing
Volcanic eruptions provide a double approach to the problem: (1) violent and massive introduction of volcanic aerosols to the atmosphere (e.g., Rampino and Self, 1992) ; and (2) quiescent degassing of volcanoes (e.g., Matsumoto and Hinkley, 2001 ). An important aspect to be considered is the type of magma involved in the eruptive process. Since intermediate to silicic magmas are more viscous and richer in water than the mafic ones, their eruptions are more violent, and therefore may lead to direct introduction of ash and volatiles into the stratosphere. This can occur at a massive scale as shown by the eruption of the Pinatubo (Philippines) in 1991, when the volcanic column ruptured the tropopause at an altitude of ~17 km, introducing ~ 20 × 10 12 g of SO 2 to the stratosphere (Oppenheimer, 2004) . However, although the latter may appear as a large figure, the Toba eruption in Indonesia (~74 Kyrs BP) introduced to the atmosphere an estimated amount of ~3 × 10 15 g of H 2 S + SO 2 (Rampino and Self, 1992) , which dwarfs the Pinatubo episode. Volcanic activity also releases huge amounts of metals into the atmosphere via quiescent degassing. For example, volcanic emanation estimates for different metals give figures on the order of (Mg yr -1 ): 1,000-2,200 (Cu), 4,800-8,500 (Zn), 900-4,100 (Pb), 400 (Cd), and 112-700 (Hg) (Nriagu and Becker, 2003; Pyle and Mather, 2003; Oppenheimer, 2004) . In the case of mercury, a highly volatile element, quiescent degassing would account for 10% of the yearly estimated flux, small eruptions may contribute about 75% of the total, whereas those of catastrophic character would overwhelm the atmospheric budget of the element (Pyle and Mather, 2003) .
A major point regarding the volcanic contribution to the atmospheric budget of metals relates to whether they are introduced to the stratosphere or not. It can be argued that otherwise, the metals and aerosols would not be globally distributed and dispersed once their residence time in the atmosphere is finished. Only the most powerful volcanic eruptions (Volcanic Explosivity Index, VEI > 4), usually related to silicic magmatism, can produce plumes that reach the stratosphere, whereas important volcanoes such as Mauna Loa in Hawaii (mafic magmatism) that erupt at relatively constant rates but with little explosive force, only generate plumes that remain in the troposphere. In principle this would discount the mafic volcanoes as important contributors to the global atmospheric metal budget, and would leave us with only one major magmatic source of metals: explosive felsic volcanism. In this respect, large eruptions are not infrequent; for However, recent data from the Antarctica pose some doubts on the contribution of these mega-eruptions to the metal contents in the ice cores. For example, the isotopic study of the AD 1817-1818 Pb present in the Law Dome ice core reveals that the metal did not originate from the large Tambora eruption, but from a probable increase in the quiescent degassing of Mount Erebus (Antarctic) (Vallelonga et al., 2003) . Furthermore, it is not clear how exactly the giant eruptions influence the final metal contents recorded in ice. For example, the eruption of Tambora (AD 1815) involved about 150 km 3 of pyroclastic material, whereas those of the Krakatau (AD 1883) and Mount St. Helens (AD 1980) only reached a volume of about 18 and 1 km 3 , respectively. However, the impact of these eruptions on mercury recorded in the Fremont Glacier core (Wyoming; Schuster et al., 2002) shows a different picture, with the Krakatau episode displaying the highest volcanic Hg values and Tambora the lowest (Fig. 4) .
This could imply that metals do not disperse in a uniform way in the stratosphere, and therefore the place in which an eruption takes place strongly determines the metallic contents recorded in ice. In this respect it would be helpful to clarify two important aspect of this issue. First, whether the entry of volcanic particulates and gases into the stratosphere may not be decisive, because as shown by the Saharan dust, aerosols can travel extremely long distances within the troposphere, at a global scale (Ginoux et al., 2004; Kishcha, 2004) . Second, it has been recently observed that the smoke from boreal forest fires can be introduced to the stratosphere, which has far-reaching potential implications in many important areas of the atmospheric science, including climatology and atmospheric chemistry (Fromm and Bevilacqua, 2004) . Both arguments are key for the understanding of global metal fluxes derived from the volcanic activity. If low to moderate explosivity volcanoes (VEI = 1-3) can indeed contribute with metal fluxes to both the troposphere and stratosphere, then a different picture may emerge, because basaltic volcanism is several times richer in sulfur than its silicic counterpart (Oppenheimer, 2004) , and as such, it can mobilize large amounts of metals. This assumption is supported by isotopic studies on the Antarctic pre-industrial lead contents, which indicate that the metal source may be related to quiescent degassing of OIB (Ocean Island Basalt) volcanoes (Matsumoto and Hinkley, 2001 ). Additionally, if glacial unloading of oceans favors mafic, oceanic volcanism (Rampino and Self, 1979) , then deglaciation should generate the opposite effect. If this is correct, then we may speculate that OIB type volcanism could have been more important during the colder periods, and therefore we can offer (Schuster et al., 2002) . Note the lack of correlation between eruption size (in km 3 ) and Hg peak heights.
an alternative, or at least complementary explanation (to purely climatic factors) for the decrease in metal contents when temperatures began to rise at about 16,500 yrs BP (Fig. 1) . Water loading of the ocean basins during deglaciation would lead to a decrease in mafic volcanism, resulting in a decrease in the metal fluxes from the oceanic realms.
Metal exhalation from volcanic vents depends on the ability of metallic elements to build volatile species with either sulfur or halides. The metals leave the melts in gaseous or complex molecular forms, and the elements with chalcophile properties such as Cu or Pb cross the melt-vapor interface more readily than others (Hinkley et al., 1994) . We lack a record for basaltic volcanism during the period 14,000-35,000 yrs BP; however, we know that basaltic volcanism is dominant in volcanic provinces of the Pacific (OIB type rocks), along continental rifts (e.g., Africa), and can be important in island arcs and even in active margins. For example, in the 41º30'-46º00' S segment of the Andean southern volcanic zone, most of the volcanic centers are basaltic, and Pleistocene to Recent in age (López Escobar et al., 1993) . Thus, although it would be difficult to quantitatively estimate the specific contribution of basaltic volcanism to the global atmospheric budget of metals, particularly during the time span under study, we may nevertheless assert that its importance must be higher than previously thought.
The plots of Pb, Zn, and Cu versus total sulfur (expressed as SO 2 ) from the GRIP (Hong et al., 1996) and GISP2 ice cores suggest an intriguing pattern resulting from two differentiated populations (Fig. 5) : one in which sulfur and metals match each other along a straight line, and a second, anomalous population, in which an excess of metal ratio is observed (Fig. 5) . Based on eruption age data (Machida, 2002) , we have identified two possible associated eruptions in the second set: Oruanui (26.5 Kyrs) and Rerewhakaaitu (14.7 Kyrs), from the Taupo and Okataina volcanic zones (New Zealand) (Fig. 5 ). Both were large eruptions, particularly Oruanui, which involved the extrusion of more than 750 km 3 of pyroclastic materials (Machida, 2002) . One may wonder whether this anomalous population represents several catastrophic events, whereas the other data set represents, milder, minor volcanic episodes. The excess of metal with respect to sulfur of the second population (Fig. 5) could be explained in terms of the relative importance of the volatile species generated by the felsic and mafic magmas. Metals build volatile species with sulfur and halides (Hinkley et al., 1994) , and although silicic volcanism is sulfur deficient, on the other hand it is chloride rich (>10 times richer than mafic magmas; Oppenheimer, 2004) . Thus, an important part of the metal volatile species derived from silicic volcanism may be based on halides. This can explain why important volcanic episodes such as Oruanui depart from a "normal" sulfur-metal relationship (Fig. 5) , and calls attention to the direct relationships built for the sulfur-metal pairs, which, although they may be basically correct for the mafic magmas, may be of lesser importance for their felsic counterparts.
Conclusions
As shown by the plots of temperature, dust, and metal contents, it is difficult to establish a clear relationship between climate and metal accumulation. Thus, although dust deposition undoubtedly adds a certain amount of metals to the ice, it not clear whether climate can fully account for a direct relationship between these variables. In any case, we observe that after ~ 14,000 yrs BP, a drastic drop in metal contents and an increase in temperatures occurred, which could be indicative that climate plays a role in the generation of metal fluxes. However, as discussed above, this relationship could be more complex, and related in part to a decrease in volcanic activity in the oceanic realms during deglaciation.
Large explosive episodes of silicic volcanism can indeed introduce huge amounts of metals into the atmosphere in extremely short periods, whereas basaltic volcanism has two main characteristics that could make it a likely additional and more permanent source of metals: (1) the sulfur-rich content of these magmas; and (2) its widespread presence in different tectonic settings around the world, i.e., intraplate (ocean islands and continental volcanic rifts), island arcs, and active margins. Thus, although the contribution of metals from large explosive eruptions is unquestioned, we suggest that a more continuous source, such as basaltic volcanism, is also required to fully account for the complete record of metals in the Arctic and Antarctic ice. We must add to these metal fluxes those from quiescent degassing of both felsic and mafic volcanism. Last but not least, as suggested by the sulfur-metal plots, it is probable that chlorides may play an important role in metal dispersal during explosive events, and FIG. 5 . Cu, Pb, and Zn versus total sulfate. Note the good correlation between the low metal contents population and total sulfate (on the left), whereas the higher Cu, Pb, and Zn values group in a different sector, with an excess of metal respect to sulfate. Data from the GRIP and GISP2 ice cores (Hong et al., 1996; Zielinski and Mershon, 1997). therefore, the direct relationship between sulfur and metal contents should be reassessed.
